Steroid-resistant nephrotic syndrome has a poor prognosis and often leads to end-stage renal disease development. In this issue of the JCI, Ashraf and colleagues used exome sequencing to identify mutations in the aarF domain containing kinase 4 (ADCK4) gene that cause steroid-resistant nephrotic syndrome. Patients with ADCK4 mutations had lower coenzyme Q 10 levels, and coenzyme Q 10 supplementation ameliorated renal disease in a patient with this particular mutation, suggesting a potential therapy for patients with steroid-resistant nephrotic syndrome with ADCK4 mutations.
Steroid-resistant nephrotic syndrome
Nephrotic syndrome (NS) is the most common primary glomerular disease in children. All children with NS share similar clinical manifestations, such as edema, and biochemical abnormalities, including proteinuria, hypoalbuminemia, and hyperlipidemia; however, their clinical courses vary greatly (1) . The majority of children presenting with idiopathic NS respond to steroid therapy.
Unfortunately, more than 20 percent of patients will fail to respond to steroid treatment. These patients with steroid-resistant NS (SRNS) usually progress to end-stage renal disease, necessitating dialysis or renal transplantation.
Identifying patients who will respond to steroids and understanding the underlying disease pathogenesis is a critical challenge for disease management. Light microscopic lesions in children with SRNS overlap with those in children with steroid-sensitive NS. These changes range from focal segmental glomerulosclerosis and diffuse mesangial sclerosis to minimal change disease.
Podocyte foot process effacement observed by electron microscopy is the sine qua non of NS, indicating the role of these cells in NS development. Podocytes or glomerular epithelial cells cover the outer surface of the glomerular basement membrane and, along with the underlying endothelial cells, represent the glomerular filtration barrier. Mutations of more than 20 genes have been found to be associated with NS development in humans ( Figure 1 ). Interestingly, all 24 genes associated with NS development are localized to the podocyte, further confirming that podocytes are essential in maintaining the glomerular filtration barrier. Mutations associated with NS can be divided into a few main groups. For example, mutations of podocyte actin cytoskeleton proteins are frequently found in adult SRNS or focal segmental glomerulosclerosis (2, 3) . Podocytes appear to be dynamic cell types, and foot process remodeling is critical to maintaining the filtration barrier. Foot processes are connected by with whole-exome sequencing in patients with SRNS to identify a unique diseasecausing gene candidate: ADCK4 (12) . This gene is located on chromosome 19 and encodes the aarF domain containing kinase 4. The authors identified 11 different mutations in ADCK4 in 15 individuals from 8 nonrelated SRNS families. These mutations affected conserved amino acids. To determine whether ADCK4 mutations truly cause NS, the authors reproduced the nephrosis phenotype in animal models. Knockdown of the ADCK4 ortholog in zebrafish resulted in the characteristic edema, proteinuria, and microscopic changes of NS. In addition to the clinical phenotypes, the are unable to divide, so podocyte loss is associated with maladaptive hypertrophy and activation of repair pathways, further propagating podocyte damage and causing glomerulosclerosis (9, 10).
ADCK4 is implicated in NS
Whole-exome sequencing approaches revolutionized the identification of rare monogenic coding mutations associated with a strong penetrance (11) . Exones represent only 1.5% of the genome. Using next-generation sequencing, we can achieve sufficient coverage to identify specific mutations in coding regions.
In this issue of the JCI, Ashraf and colleagues coupled homozygosity mapping a specialized adherens junction, the slit diaphragm. Over the last decade the slit diaphragm emerged as an important signaling platform (4) . Mutations of slit diaphragm-and slit diaphragm-associated proteins represent another major group causing SRNS, especially in children (5). Molecular studies indicate that actin and slit mutations usually alter motility and morphology in vitro (6), causing foot process effacement in vivo. Morphological changes, including the foot process effacement and the associated NS, can be reversible in humans. Progressive glomerulosclerosis and end-stage renal disease develops when podocytes are lost due to apoptosis or detachment (7, 8) . Podocytes
Figure 1
The products of the genes whose mutations have been found to cause SRNS reside in the podocyte. Mutations of these genes lead to abnormal or absent protein products. The complex ultrastructural nature of the podocyte makes it difficult to judge the exact function of each of these proteins on a molecular level and thus classify the different mutations. Slit diaphragm-associated (SD-associated) mutations (purple) include nephrin (NPHS1), podocin (NPHS2), PLCε1 (PLCE1), CD2-associated protein (CD2AP), transient receptor potential channel 6 (TRPC6), and protein tyrosine phosphatase receptor type O (PTPRO), and ADCK4 (orange). Cytoskeleton and foot process actin network-associated mutations (red) include α-actinin-4 (ACTN4), inverted formin 2 (INF2), myosin 1E (MYO1E), Rho-GDP-dissociation inhibitor 1 (ARHGDIA), and Rho-GTPase-activating protein 24 (ARHGAP24). Nuclear-or trascription-associated mutations (gray) include Wilm's tumor protein (WT1), LIM/homeobox transcription factor 1β (LMX1B), ATP-driven annealing helicase (SMARCAL1), and nuclear RNA export factor 5 (NXF5). Glomerular basement membrane-associated (GMB-associated) mutations (pink) include laminin-β2 (LAMB2), integrin-β4 (ITGB4), and integrin-α3 (ITGA3). Mitochondia-associated mutations (brown) include parahydroxybenzoate-polyprenyl transferase (COQ2), ubiquinone biosynthesis monooxygenase (COQ6), decaprenyl-diphosphate synthase subunit 2 (PDSS2), mitochondrially encoded tRNA leucine 1 (MTTL1), and ADCK4. Lysosome-associated mutations (maroon) include scavenger receptor class B, member 2 (SCARB2).
son's disease was stopped prematurely because of ineffectiveness. The study by Ashraf et al. indicates that CoQ 10 supplementation may prove a successful therapy for focal segmental glomerulosclerosis in patients carrying ADCK4 mutations.
Conclusion and future directions
Although polygenic diseases are more common than single-gene disorders, studies of monogenic diseases provide an invaluable opportunity to learn about the underlying molecular mechanisms of specific disease conditions. Mechanistic insight obtained from patients with rare forms of monogenic disease often can be applied for common disease conditions. Monogenic studies identified the podocyte as the key cell type causally related to NS development. The study by Ashraf et al. is especially significant, showing the critical role of ADCK4, podocyte mitochondria, and CoQ 10 , which are potentially upstream of slit signaling and actin dynamics in SRNS. This represents a fresh new direction in NS and podocyte research. Future studies shall examine the role of podocyte mitochondria and CoQ 10 in polygenic and secondary NS cases as well.
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CoQ 10 concentrations. CoQ 10 also acts as an antioxidant.
The mitochondria and CoQ 10 are gaining momentum as key players in the development of renal disease. Mutations in three CoQ 10 biosynthetic genes, COQ6, COQ2, and prenyl diphosphate synthase, subunit 2 (PDSS2), have been associated with SRNS due to dysfunctional mitochondria in podocytes (13) (14) (15) . In mice with PDSS2 mutations, administration of CoQ 10 decreased albuminuria and interstitial nephritis (16) . CoQ 10 also ameliorated albuminuria and mitochondrial changes in an experimental model of type 2 diabetes (db/db mice) (17, 18) . Importantly, Ashraf et al. also showed that CoQ 10 was able to reverse the change in the podocyte migratory phenotype induced by ADCK4, indicating that mitochondrial dysfunction or reactive oxygen species generation is upstream of actin cytoskeleton changes. These changes appear to be clinically relevant, as the authors describe an isolated case of a patient with an ADCK4 mutation who greatly benefited from CoQ 10 supplementation. Low CoQ 10 levels have been described in patients with different disease conditions, including hypertension, cancer, migraine, congestive heart disease (CHF), and Parkinson's disease. A clinical trial to test the effectiveness of CoQ 10 in CHF is still ongoing. Unfortunately, the trial testing the role of CoQ 10 in Parkinauthors also noted podocyte foot process effacement and disorganization of the filtration slit, similar to that observed in patients with NS, indicating that ADCK4 mutations are causally linked to NS.
A role for mitochondria in the pathogenesis of SRNS
The most frequently mutated SRNS-associated proteins are localized to the podocyte slit-associated signaling platform or the slit-associated actin cytoskeleton ( Figure 1) ; however, ADCK4 is slightly unusual. Ashraf and colleagues found that it localizes not only to the foot processes, but also to the mitochondria in rat podocytes (Figure 2 ). Additionally, they determined that ADCK4 interacts with COQ6 and COQ7 proteins, which are involved in the coenzyme Q 10 (CoQ 10 ) biosynthesis pathway. Levels of CoQ 10 were decreased in individuals with ADCK4 mutations, further suggesting that ADCK4 is involved in CoQ 10 biosynthesis. CoQ 10 is an oil-soluble, vitaminlike substance present in most eukaryotic cells, primarily in the mitochondria. It is a component of the electron transport chain and participates in aerobic cellular respiration, generating energy in the form of ATP. Ninety-five percent of the human body's energy is generated this way. Therefore, those organs with the highest energy requirements, such as the heart, liver, and kidney, have the highest
Figure 2
Role of ADCK4 in podocyte-dependant maintenance of the glomerular filter. The foot processes of WT podocytes are connected by a specialized adherens junction, the slit diaphragm. The complex interaction between podocytes and the glomerular capillaries prevents large molecules like albumin from escaping into Bowman's capsule. In WT podocytes, ADCK4 (orange ovals) resides in mitochondria and in podocyte foot processes. ADCK4 mutations are associated with foot process effacement and albuminuria (NS). CoQ10 supplementation reversed the phenotypic changes.
